A novel method has been developed to prepare hydrogenated graphene (HG) via a direct synchronized reduction and hydrogenation of graphene oxide (GO) in an aqueous suspension under 60 Co gamma ray irradiation at room temperature. GO can be reduced by the aqueous electrons (e aq À ) while the hydrogenation takes place due to the hydrogen radicals formed in situ under irradiation. The maximum hydrogen content of the as-prepared highly hydrogenated graphene (HHG) is found to be 5.27 wt% with H/C ¼ 0.76. The yield of the target product is on the gram scale. The as-prepared HHG also shows high performance as an anode material for lithium ion batteries.
Introduction
Rechargeable lithium ion batteries (LIBs) have wide applications in both civil and military areas for it can store and supply electricity. One of the main challenges currently in this field is developing durable, non-toxic, and inexpensive materials for electrodes. Carbonaceous materials have been widely studied as anode materials for lithium ion batteries.
1,2 The studies on the mechanism for lithium insertion showed that the types and nanostructures of carbonaceous materials are the key factors to the performances of LIBs, 3 and hydrogen-containing carbon materials showed high capacities for lithium. 4 Dahn et al. suggested that Li atoms can bind in the vicinity of H atoms in these hydrogen-containing carbon materials, and the inserted lithium could transfer part of its 2s electron to a nearby hydrogen via a covalent bond. 1, 3 As a result, the specific capacity is in the range of 600-900 mAh g À1 . 3 However, carbonaceous materials with high hydrogen content and surface area usually exhibit large irreversible capacity, which limits its application as an anode material for LIBs. 5 In general, the hydrogen-containing carbonaceous materials were obtained by heating its precursor at a temperature range of 400-700 C, and the obtained materials were typical soft carbon. The effects of other factors, for example residual elements such as O and N, and the microstructure of the obtained materials, on the lithium insertion are still mainly unknown. Recently, Smarsly and Maier et al. have shown that the capacity of hydrogen-containing hierarchically mesoporous carbon is stabilized to about 500 mAh g À1 after 15 cycles, which is significantly higher than that of graphite (<372 mAh g À1 ), 6 indicating the importance of the nanostructure of carbonaceous materials. What will happen for the performance of LIBs if the carbonaceous materials were prepared in state of single layer with high hydrogen-containing?
Graphene has recently attracted much attention since it was discovered, due to its novel electronic and mechanical properties. [7] [8] [9] Pure graphene (such as that prepared by rapid thermal expansion) as an electrode material for LIBs and electric double layer (EDL) supercapacitors has also been reported for the large graphene surfaces in direct contact with liquid electrolyte and/or surface redox reactions. [10] [11] [12] Recently, chemical modification of graphene is expanding to obtain functional materials.
13,14 Among them, hydrogenation of graphene to a graphane-like structure is a special and interesting topic, for it contains a high hydrogen content and most of the carbons are in an sp 3 hybridization state, which gives it wide potential applications in fields such as hydrogen storage, catalysis, electronic and phonic materials.
15-17
However, the hydrogenation of graphene is still a difficult task, and the process usually involves high temperatures, high pressure or special devices.
18-20 Plasma ignition 21 or electron irradiation 22 has been employed to prepare graphane. However, only the single or few layers of graphene deposited onto a substrate can be converted to hydrogenated graphene, which still makes it very difficult to prepare hydrogenated graphene on a large scale. Recently, catalytic hydrogenation has been used to prepare hydrogenated graphene films. 23 In addition, the precursor for hydrogenated graphene preparation is usually graphene, and the stable sp 2 hybridized carbon atoms might be an obstacle to the hydrogenation of graphene under mild conditions. Generally, graphene is prepared by the reduction of its precursor graphene oxide (GO). 24, 25 GO is a typical pseudo-two-dimensional oxygencontaining solid in bulk form, possessing multiple functional groups including hydroxyls, epoxides, and carboxyls. 26, 27 A key point which needs to be stated is that most of the conformations of carbon atoms in GO are in an sp 3 hybridized state, and it might be possible to easily prepare hydrogenated graphene directly from GO by a process combining synchronized reduction and hydrogenation. Gamma ray irradiation is a widely used method to prepare nanoparticles in aqueous solution by the reduction of their precursor by the as-formed aqueous electrons (e aq À ) and hydrogen radicals. 28 It is believed that similar processes were involved in the preparation of hydrogenated graphene thin films by electron irradiation of graphene deposited on SiO 2 substrates. 22 However, the yield of hydrogenated graphene is very low since only absorbed water worked, indicating a low concentration of e aq À and hydrogen radicals. Here, the aqueous suspension of GO was used as the feedstock, and it was irradiated under 60 Co gamma rays at room temperature. In order to increase the concentration of hydrogen radicals, isopropanol was added as a scavenger of hydroxyl radicals.
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Experimental Materials
Graphite powder, natural briquetting grade, $100 mesh, 99.9995% (metals basis) was purchased from Alfa Aesar. Analytical grade NaNO 3 , KMnO 4 , 85% N 2 H 4 $H 2 O, 98% H 2 SO 4 , 30% H 2 O 2 aqueous solution, isopropanol, and Orange II were purchased from Shanghai Chemical Reagents Company, and were used directly without further purification. Ultra-pure water (18 MU) was produced by a Millipore System (Millipore Q, USA).
Synthesis of hydrogenated graphene
GO was prepared by a modified Hummer method. 29, 30 The aqueous suspension of GO, at a concentration of 1.0 mg ml À1 , was prepared. In some cases 10 ml of isopropanol was added into 290 ml of the GO aqueous suspension for the reaction. After bubbling nitrogen into the reaction solution for 15 min to remove the dissolved oxygen, the ampoule was sealed and irradiated by a 1.11 Â 10 15 Bq
60
Co g-ray radiation source (located in USTC, China) under a dose rate of 80 Gy min À1 . The samples were purified by filtering and washing with copious amounts of ultrapure water, and a black powder was obtained after the sample was freeze dried.
Characterization of the samples
Fourier transform infrared (FT-IR) spectra of the samples were recorded by a Bruker vector-2 spectrophotometer (Germany) using a KBr-disk method. The thermal properties of the samples were recorded by a thermogravimeter (TGA, DTA-50, Shimazu), and all of the measurements were carried out under nitrogen gas, over a temperature range of 30-800 C with a ramp rate of 5 C min
À1
. Wide-angle X-ray diffraction (XRD) analyses were carried out on an X-ray diffractometer (D/MAX-1200, Rigaku Denki Co. Ltd., Japan). Elemental analysis was carried out by a VARIO ELIII analyzer (Elemental analysis system Co. Ltd., Germany). TEM images were carried out on a Hitachi H-800 microscope at 200 kV. XPS spectra were recorded by an Escalab MK II photoelectron spectrometer (VG Scientific Ltd., United Kingdom). Raman spectra were taken by a RAMAMLOG 6 (Spex, USA) with a 50Â objective lens and 514.5 nm laser excitation. The Ultraviolet and visible (UV-vis) Spectra were measured by a UV2450PC spectrophotometer (Shimadzu, Japan).
Electrochemical measurement
Electrochemical analyses were performed using coin-type cells (CR2032). Working electrodes were prepared by pasting a mixture of 80 wt% hydrogenated graphene material with 10 wt % conductive black and 10 wt% polyvinylidene fluoride (PVdF) onto Cu foil. The electrolyte was 1.0 M LiPF 6 in ethylene carbonate (EC)-diethylcarbonate (DEC) (1 : 1,v/v). The cells were assembled in an argon-filled glove box. The cells were cycled at different current densities with a multi-channel battery test system (NEWARE BTS-610, Shenzhen).
Results and discussion
GO dispersed homogeneously in water can be attacked by the large amounts of as-formed e aq À and hydrogen radicals in water under gamma ray irradiation. As shown in Fig. 1a , the color of the suspension of GO changed from yellow to black after irradiation, indicating the reduction of GO, and as a result a homogeneous aqueous suspension. However, copious amounts of black aggregates were produced if isopropanol was added before irradiation. Clearly, adding isopropanol promotes the reduction of GO. Table 1 lists the results of elemental analysis of the reduced GOs in the presence of isopropanol after irradiation, for different times. Compared to GO, the C/O ratios of the products increase hugely (from 1.18 to 9.98), indicating an efficient reduction of GO under irradiation. Interestingly, the content of hydrogen in the products is also high and the maximum value is found to be 5.27 wt%, and the ratio of H/C is about 0.76. It is well known that for the completed hydrogenated graphene (ideal graphane), the theoretical ratio of H/C should be 1.0, and the above results strongly reveal that the products are highly hydrogenated graphene (HHG). The C1s XPS studies also support this suggestion. As shown in Fig. 1b , the -C-O, -COOH and -C-O-C-characteristic peaks for GO disappear nearly entirely in the product obtained by irradiation for 72 h (curve 3). The effect of isopropanol is apparent for the product obtained from irradiation of GO in pure water which still contains the oxygen relative peaks in the XPS pattern. In addition, the fitting of curve 3 clearly shows that the sp 2 hybridized C atoms (284.4 eV) and sp 3 hybridized C atoms (285.05 eV) co-exist in the product, and the ratio of C sp3 /C sp2 ¼ 1.23. This also confirms the efficient hydrogenation of graphene.
Solid-state 13 C MAS NMR is a powerful tool to investigate the conformation of C atoms in a material. As shown in Fig. 2a and  2b , for GO the peaks at 57 ppm and 68 ppm are assigned to the C atoms of an epoxide group and hydroxyl group, and the peaks at 115 and 125 ppm are contributions from the sp 2 hybridized C atoms. However, both the characteristic peaks of the sp 2 hybridized C atoms became weak, and a major peak at around 120 ppm appeared, which corresponds to the sp 3 hybridized C atoms in the product. Importantly, a new peak appeared at around 20 ppm, which is the typical C signal for -CH 3 groups, 31 and it belongs to the carbon atoms at the edge of the as-prepared hydrogenated graphene nanosheets. This result is also important evidence that highly hydrogenated graphene formed after the GO aqueous suspension was irradiated under gamma rays. Fig. 2c shows the AFM height image for the as-prepared highly hydrogenated graphene on the surface of new cleaved mica. The size of the highly hydrogenated graphene sheet is in micrometres and the thickness is 0.90 nm, which confirms the highly hydrogenated graphene to be a single layer. Generally, it is not straightforward to prepare a homogenous suspension of graphene obtained by chemical reduction, and it limits its application. However, the as-prepared highly hydrogenated graphene showed excellent dispersion properties and it can be well dispersed in ethanol to form a stable homogeneous suspension, as shown in the insert figure, indicating the hydrogenation of graphene allows it to mix with solvent molecules more easily. Fig. 3 shows the TEM images of the as-prepared hydrogenated graphene by the irradiated method, in the presence of isopropanol for 72 h. Clearly, the as-formed hydrogenated graphene is in a single layer and on a large scale. The hexagonal structure of it can still be seen in the insert figure, indicating it is not altered significantly by the hydrogenation.
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After irradiation, the Raman spectra of the reduced GO changed significantly. As shown in Fig. 4 , the peaks at 1340 and 1580 cm À1 become narrow with the full width at half-maximum C MAS NMR spectra of GO (a) and the hydrogenated graphene prepared by irradiation at room temperature for 72 h in the presence of isopropanol (b). (dose rate of irradiation: 80 Gy min À1 ). Typical AFM height images of the highly hydrogenated graphene prepared by gamma ray irradiation (c) and the section line analysis as indicated (d); insert shows a photograph of the highly hydrogenated graphene dispersed homogeneously in ethanol. Fig. 3 TEM image of the as-prepared hydrogenated graphene.
of 32 and 18 cm À1 respectively, while they are 116 and 63 cm À1 for GO. In addition, a new peak, so called D 0 band, appeared at 1620 cm
À1
, which is caused by an intra-valley double-resonance process only in the presence of defects. At approximately 2920 cm À1 there exists a weak peak which is assigned to the combination of a D and G mode. The results are evidence of the formation of hydrogenated graphene after irradiation. Fig. 5 shows the TG curves for GO and the as-prepared hydrogenated graphene, respectively. For GO, there are two steps of mass loss on increasing the temperature. The mass loss is about 10% at around 100 C, which can be ascribed to the removal of adsorbed water. The mass loss at around 200 C is about 25%, attributed to the decomposition of labile oxygen functional groups. 19 For the as-prepared hydrogenated graphene, the mass loss is about 30% at the range of 100 to 800 C, indicating the increase of thermally stable graphene after hydrogenation.
The FT-IR spectra of GO and the as-prepared hydrogenated graphene are shown in Fig. 6 . For GO, the characteristic peaks for oxygen-containing functional groups appear for carbonyl C]O (1734 cm ).
31 After irradiation, the peaks for these were reduced significantly. The remaining peak at 1577 cm À1 is attributed to the aromatic C]C group. In addition, some new peaks appear, such as 981, 1016, and 1195 cm À1 for the bending modes of H bonded to an aromatic carbon, 1366, 1448, and 1568 cm À1 for the bending modes of H bonded to an olefinic carbon, and 2850 and 2922 cm À1 for the stretching modes of H bonded to an olefinic carbon. 33 The results also support the formation of hydrogenated graphene. Fig. 7 shows the X-ray diffraction (XRD) patterns of GO and the as-prepared hydrogenated graphene after irradiation for 72 h, respectively. For GO there appears a wide diffraction peak at 10.4 , corresponding to a d-spacing of 0.83 nm. After irradiation, there appears a new wide diffraction peak at 22.5 , corresponding to an interlayer spacing of 0.41 nm, which is still higher than that of pristine graphite (0.34 nm).
Here, the as-prepared highly hydrogenated graphene was used as an anode material for LIBs, and Fig. 8 shows the electrochemical properties of the coin cell (2032). Discharge/charge curves of the materials were measured at a current density of 200 mA g À1 , as shown in Fig. 8a . Typically, it was found that a large specific capacity of about 3404 mAh g À1 was achieved, and the reversible capacity was about 1570 mAh g À1 for the first discharge/charge cycle. The large specific capacity may be the Fig. 4 Raman spectrum of graphite, GO and the reduced GO after irradiation in the presence of isopropanol at room temperature. result of the large surface area and curled morphology of the hydrogenated graphene nanosheets, and similar results have been reported by Yin 34 and Lian, 12 respectively. The reversible capacity of the hydrogenated graphene electrode was about 873 mAh g À1 after 20 cycles. The initial irreversible capacity is an expected phenomenon in carbonaceous electrodes in LIBs, and the capacity corresponding to the voltage range of $1.0-0.75 V of the first discharge was due to irreversible reactions between Li + and graphene, and decomposition of the electrolyte solvent for a solid electrolyte interphase (SEI) formation. The hydrogenated graphene showed good rate performance as shown in Fig. 8b , and the capacity was as high as $680 mAh g À1 when the current density is below 800 mA g À1 , while it still remained at $490 mAh g À1 even at a current density of 1000 mA g
. A capacity of $800 mAh g À1 was retained after 55 cycles of charge and discharge at various current densities, indicating good cycling stability. The effect of the hydrogen content of hydrogenated graphene on the Li-storage performance has also been done and the lower hydrogen levels should decrease its capacity, which is consistent with Dahn's suggestion. 3 The high performance of the hydrogenated graphene anode materials may be attributed to two possible reasons. One reason is the disordered structure of the highly hydrogenated graphene, which makes it easy for lithium ions to be adsorbed on the both sides of single-layer nanosheets, edges, and defects. 1, 34 Another reason may be the higher surfaceto-volume ratio in the highly hydrogenated graphene, and the large contact area between the electrolyte and electrode has advantages of a short path length for lithium ion transport and good cycling performances. 6, 35 In addition, the reaction of residual oxygen-containing or nitrogen-containing functional groups on graphene with lithium ions may also have a positive effect. 10, 36 This detail should be investigated in further work.
Conclusions
In conclusion, graphane-like highly hydrogenated graphene has been successfully prepared on a gram scale by a one-step synchronized reduction and hydrogenation of GO in an aqueous solution at room temperature, under the assistance of gamma ray irradiation. The process is simple, mild and efficient. The content of hydrogen in the hydrogenated graphene is found to be 5.27 wt% with an H : C ratio of 0.76, which makes it a good candidate for further research and applications, such as hydrogen storage or electronics. The product can be used as an anode material for LIBs, and high performance has been achieved even at high current rates.
